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ABSTRACT
Most of the inflationary models that are in agreement with the Planck data rely on the
presence of non-renormalizable operators. If the connection to low energy particle physics is
made, the renormalization group (RG) introduces a sensitivity to ultraviolet (UV) physics
that can be crucial in determining the inflationary predictions. We analyse this effect for the
Standard Model (SM) augmented with non-minimal derivative couplings to gravity. Our set-
up reduces to the SM for small values of the Higgs field, and allows for inflation in the opposite
large field regime. The one-loop beta functions in the inflationary region are calculated using
a covariant approach that properly accounts for the non-trivial structure of the field space
manifold. We run the SM parameters from the electroweak to the inflationary scale, matching
the couplings of the different effective field theories at the boundary between the two regimes,
where we also include threshold corrections that parametrize effects from UV physics. We
then compute the spectral index and tensor-to-scalar ratio and find that RG flow corrections
can be determinant: a scenario that is ruled out at tree level can be resurrected and vice
versa.
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1 Introduction
One of the main lessons learned from the Planck constraints on inflation [1] is that quadratic
and quartic inflation, arguably the simplest approaches, are ruled out by the data. Most
of the successful inflationary models, whether single or multi-field, instead rely on non-
renormalizable operators to obtain predictions in agreement with Planck (see [2] for a large
list of models).
It is well known that inflation is sensitive to ultraviolet (UV) physics. Corrections from
high energy degrees of freedom tend to increase the inflaton mass, thus ruining the inflationary
dynamics needed to sustain a long enough period of inflation [3]. There are two aspects to
this so-called eta-problem (see [4] for a review). First, integrating out heavy physics above
a given cutoff scale shifts the parameters in the low energy effective field theory (EFT) by
an amount proportional to the strong coupling scale. That is the famous hierarchy problem
in the context of cosmology. Second, even Planck suppressed irrelevant operators can easily
spoil the flatness of the inflaton potential and completely change the inflationary dynamics.
In this work we focus on a different kind of UV sensitivity which stems from the non-
renormalizable character of an inflationary model and comes into play when the connection
to the low-energy (beyond the) Standard Model (SM) degrees of freedom is made using the
renormalization group (RG) flow [5, 6]. When the RG improved action is used to incorporate
perturbative quantum corrections, the running of the couplings can affect the naive tree level
inflationary predictions. To compute meaningful observables one must determine the RG
equations in the inflationary regime, and understand the effects of UV physics at the cutoff
scaleM, set by the non-renormalizable operators, on the running. Although our approach to
analyse this effect is generic, for concreteness we will concentrate on the SM non-minimally
coupled to gravity via derivative interactions [7–9].
The presence of a non-renormalizable operators allows to distinguish different regimes
characterized by small (field-dependent) parameters. To be concrete, consider the toy model
Lagrangian
L = −1
2
(
1 +
φ
M
)2
(∂φ)2 + V (φ). (1.1)
In the small field regime δ ≡ φ/M  1 the higher-dimensional interaction is a small cor-
rection, whereas in the large field regime δ−1  1 it gives the dominant contribution to the
kinetic term. In both domains the model may be renormalizable in the EFT sense, by which
we mean that in each field region1 it is possible to define a small parameter in such a way
that at every order in that parameter the theory can be renormalized with a finite number of
counterterms. In the example above, loop corrections can be organized in a series expansion
in δ (δ−1) in the small (large) field regime. This can be seen, for instance, by considering the
1If there are several non-renormalizable operators there can be more than two regimes. Important is that
the small field and the inflationary regime both have renormalizable EFT descriptions. On the boundaries,
and in the midfield ranges where the EFT description fails, UV physics becomes relevant.
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one-loop contribution to the effective potential
V 1−loop =
(V ′′)2
32pi2
=
2λVtree
pi2
(
δ + 32
)2
(δ + 1)6
=
λVtree
pi2
·
{∑∞
k=0 ckδ
k δ ≡ φ/Λ 1∑∞
k=0 c¯k(δ
−1)k, δ−1  1, (1.2)
where we used dimensional regularization with d = 4 − , and a prime denotes a derivative
with respect to the canonically normalized field. However, crossing the boundary between the
two regimes at δ ≈ 1 a full tower of higher-order operators becomes relevant and the model
is not renormalizable in the EFT sense. It follows that UV physics is important around the
boundary and may affect the running of the couplings in this regime appreciably.2 This will
then modify the value of the parameters in the RG improved inflationary potential, and thus
potentially the predictions of the model.
The possibility that inflation can be sensitive to the six-dimensional SM-EFT operators
[10] was first noted in [5] and further studied in [6]. The net effect of those operators is
to smear the low energy parameters at the scale marking the boundary between the two
regimes. This can equivalently be parametrized in a simpler way by a shift of the low energy
parameters at the scale M [11–14] (see also [15] for a discussion in the context of new Higgs
inflation), an approach we will follow in this paper.
The RG flow analysis is particularly relevant for inflationary models whose parameters
are (or can be) measured in low energy experiments such as the Large Hadron Collider.
Prime examples are models where the Higgs boson plays the role of the inflaton [7, 16, 17]
(see [18] for a recent review); due to an additional non-renormalizable coupling between the
SM Higgs boson and the gravity sector, the running of the SM parameters is sensitive to UV
physics in the mid-field regime [19–26]. The feasibility of connecting low energy physics to
inflation was questioned in [27, 28], and it has motivated various analyses of UV corrections
to the inflationary predictions [5, 6, 13–15, 29]. An interesting approach is also the alternative
Palatini formulation of gravity [30–34] which gives a higher cutoff scale [35] and therefore less
sensitivity to UV physics. It is important to note that the connection to low scale observables
is not only an issue for models that embed inflation in (extensions of) the SM; for succesful
reheating any inflationary model must be coupled in some way to the SM degrees of freedom.
In this work we continue our investigation of the effects of quantum corrections entering
through the RG flow on the inflationary observables pursued in [6, 15, 29].3 In particular, we
complete the analysis for the SM model non-minimally derivatively coupled to gravity, which
goes under the name of new Higgs inflation [7–9]. In previous work [15] we showed that the
tree level cutoff of the theory is always below the typical energy scales involved at every stage
in the universe’s history, complementing the analysis in [36]. Furthermore, we pointed out
2We assume the UV physics does not alter the inflaton potential at tree level, as this would destroy all
predictiveness of the model.
3Our study in [6] was later implemented (and confirmed where the analyses overlap) by other groups
[13, 14, 31, 32]. In particular, the authors in [13, 14] study the critical regime where inflation takes place
near an inflection point, while [31, 32] analyses the loop corrections in the hilltop scenario in the Palatini
formulation.
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the RG sensitivity of these type of models through analytical considerations (revisited here
in section 5.1).
We will derive the Renormalization group equations (RGEs) at leading order in the large
field regime, and we explicitly show under which conditions the spectral index and tensor-to-
scalar ratio (ns, r) are sensitive to the running of the couplings. Our main results are eq. (4.17)
and figs. 4a, 4b and 5. The punchline is that computing predictions at tree level is often not
enough. Boundary conditions at the electroweak scale, the unknown UV completion as well
as the explicit form of the RGEs could easily have an impact on the inflationary parameters.
This is qualitatively different from plateau-like models of inflation such as Higgs inflation [6]
and the larger class of Cosmological Attractors [29, 37], where the inflationary predictions
are insensitive to running effects to lowest order in slow-roll parameters.
Roadmap
The RGEs during inflation and the consequences for the observables are derived in a sys-
tematic way. We concentrate on the SM with non-minimal derivative couplings to gravity,
reviewed in section 2, but our results can be adapted to other set-ups. We include the possi-
bility that next to the Higgs field, also the fermions and/or gauge bosons have non-minimal
derivative couplings. Figure 1 illustrates our approach.
To start, we split the field domain in two regimes in section 2.2, and define the two EFTs
in these asymptotic field regions ordered by a small parameter in section 3.1. We identify the
independent set of couplings at leading order in the EFT expansion, which may be different
in the two regimes. To calculate observables, it is not only important to include the effects
of UV physics on the running of the couplings in the boundary region, but is also crucial to
understand the relevant couplings in the inflationary regime and how they evolve under the
RG flow.
The inflationary action in Higgs inflaton models is non-standard with non-trivial kinetic
sectors and higher dimensional interactions. For instance, the derivative couplings considered
in this paper generate a non-trivial geometry for the field space manifold. To deal with this
complication we use a covariant approach [26, 38, 39] to compute the one-loop corrections.
The formalism is set up in section 3.2, while in section 4 we compute the one-loop beta
functions.
In section 5 we numerically calculate the quantum corrected inflationary predictions for
different boundary conditions at the electroweak scale, and for different threshold corrections
parameterizing the effects of UV physics on the running in the mid-field region. Starting at
the electroweak scale the SM RGEs are used to run the couplings to the boundary between
the small and large field regime. At the boundary we match the SM couplings to the set of
independent couplings of the inflationary EFT, where we include possible threshold correc-
tions to capture the effects of UV physics. We then run the couplings to the energy scale of
inflation using the RGEs derived. The spectral index ns and tensor-to-scalar ratio r are then
computed from the RG improved action, which gives our final result.
We conclude and provide an outlook in section 6.
4
Figure 1. Overview of the renormalization group flow effects on the inflationary predictions. Shown
is the typical energy of the potential V 1/4 (red) and the unitarity cutoff (blue) as a function of the
parameter δ = V/M4 that distinguishes between the small field (δ  1) and large field (δ  1) region.
In each regime an EFT can be constructed which is valid below the cutoff scale, and which depends
on a set of independent couplings that are matched at the boundary at δ = 1. In the mid field region,
indicated by the grey area, the EFT description breaks down, and the effects of UV physics (param-
eterized by a tower of higher order operators suppressed by the cutoff scale) can be considerable. We
implement this by adding threshold corrections to the couplings at the matching scale. We calculalate
the inflationary RGEs to subsequently run the couplings from the mid-field to the inflationary scale δ?,
where we calculate ns and r and analyse the effects of the threshold corrections.
2 The model: Standard Model with non-minimal derivative couplings
We consider the Standard Model (SM) and the Einstein-Hilbert action augmented with non-
minimally derivative couplings to gravity for the Higgs, gauge and fermion fields. The action
is
S =
ˆ
d4x
√−g
[
1
2
m2PR+  LSM +  LKI
]
. (2.1)
with
LKI = G
µν
M2
DµH†DνH+
∑
a
1
4
αA
3Gµναβ
M2
F aαβF
a
µν +
∑
i
αψ
Gαβ
M2
ψiiγαDβψi, (2.2)
with H is the Higgs doublet, and R, Gµν , Gµναβ the Ricci scalar, the Einstein tensor, and the
double-dual Riemann tensor respectively. The summation in the gauge and fermion terms
runs over the SM gauge groups and fermions respectively. For simplicity we take the non-
minimal couplings for the gauge (fermion) fields universal, i.e. the same for all gauge groups
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(fermions), the results can easily be generalized. With just a constant value of the non-
minimal Higgs coupling this is the original version of the new Higgs inflation proposal of Ref.
[7], while non-minimal couplings for other sectors were introduced in [8, 9]. We parameterize
the non-minimal gauge boson and fermion couplings as
αi = α0iδ
ni/2 (2.3)
for i = A,F and δ defined as
δ ≡ VM4 '
λ(H†H)2
M4 , (2.4)
where we introduced the scaleM2 = MmP, and with V the Standard Model Higgs potential,
where we dropped the quadratic term that plays no role at large field values. The couplings
vanish for α0i = 0 and are constant for ni = 0, which are arguably the most interesting cases.
Thus, in the following we study four cases:
Case A : (αA, αf ) = (0, 0),
Case B : (αA, αf ) = (α0A = const, 0),
Case C : (αA, αf ) = (α0A = const, α0f = const),
Case D : (αA, αf ) = (α0Aδ
nA/2, α0fδ
nf/2), with nA ≥ 1 & nf ≥ 0. (2.5)
2.1 Standard Model with non-trivial kinetic sector
The Higgs-gravity sector can be brought in (approximate) standard form via a disformal
transformation of the metric [9]4:
gαβ −→ gαβ − εαβ ≡ gαβ − 2DαΦ
†DβΦ
M2 . (2.6)
The transformation leads to the action
L = −Kφ(H)|DµH|2 − V (H)−
∑
a
1
4
KA(H)(F aµν)2 +
∑
i
Kψ(H)ψ¯i(i /D)ψi
−
( yt√
2
q¯LHctRL+ h.c.
)
. (2.7)
F aµν runs over the SM gauge groups, and ψi over the left- and right-handed fermions. We only
added the Yukawa interaction for the top quark, as this gives the dominant contribution to the
running, with qL the left-handed doublet, tR the right-handed top quark and Hc = (iσ2)H∗.
For simplicity from now on yt ≡ y. The non-minimal Higgs, gauge and fermion field space
metrics are given explicitly by
Kφ = (1 + δ) , KA = (1 + αAδ) , Kψ = (1 + αF δ) . (2.8)
4Note that, contrary to the conformal transformation used in Higgs inflation, the disformal transformation
leads to the same Lagrangian eq. (2.7) both in the metric and Palatini formulation of general relativity (at
first order in ε).
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Eqs. (2.1) and (2.7) are equivalent up to Ø(ε, ) corrections, with ε defined in (2.6) and
 = −H˙/H2. During inflation ε ∼   1 are slow-roll suppressed, however after inflation
the corrections can become large [15]. These corrections are degenerate with the quantum
corrections in the mid-field regime, and will be aborbed in the threshold corrections that we
will introduce in section 5. The SM Higgs doublet can be parameterized
H = 1√
2
(
θ1 + iθ2
ϕ+ iθ3
)
=
1√
2
(
θ1 + iθ2
φ+ δφ+ iθ3
)
(2.9)
with φ(t) the classical background and δφ(x, t) and θi(x, t) the Higgs and Goldstone fluctua-
tions.
From now on we take eq. (2.7) as our starting point. To avoid notational clutter, if
there is no chance of confusion we will suppress the flavor indices on the fermion, gauge and
Goldstone fields, and on the Yukawa and gauge couplings.
2.2 Tree level analysis and different regimes
The action for the classical background Higgs field φ in eq. (2.9) becomes
L = 1
2
m2PR−
1
2
Kφ(φ)(∂µφ)
2 − λ
4
φ4. (2.10)
The dynamics of the system is very different for small and large field values, for which the
correction to the Higgs kinetic term is not important respectively dominates. We use the
parameter δ in eq. (2.4) evaluated on the background to parameterize the diffferent regimes:
small field : δ  1, large field : δ  1. (2.11)
In the small field limit the action reduces to the SM Lagrangian while the large field regime
corresponds to the inflationary regime.
Consider the latter and take δ  1. In terms of canonically normalized background field
h, defined via ∂h =
√
Kφ∂φ, the potential becomes
V =
λ˜
4
m4P
(
h
mP
)4/3
, λ˜ = 64/3λ1/3 (M/mP)8/3 . (2.12)
which is chaotic inflation with exponent of 4/3 in the potential. It is easy to check that the
full period of inflation happens well inside the large field regime. Taking N∗ = 60 for the
CMB pivot scale, the spectral index and tensor-to-scalar ratio at tree level are
ns = 1 +
d lnPR
d ln k
∣∣∣
?
' 0.972, r = PTPR
∣∣∣
?
' 0.089 (2.13)
where PR, PT are the scalar and tensor power spectrum and we use the standard single-field
slow-roll approximation that leads to ns? − 1 ' 2ηV ? − 6V ? and r ' 16V ? with potential
slow-roll parameters defined as V = m
2
P/2(V
′/V )2 and ηV = mP(V ′′/V ). The scalar power
spectrum fixes the free parameter M ' 1.5 × 10−8mPλ−1/4. The aim of this paper is to
calculate the sensitivity of these results to one-loop RG flow corrections.
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3 Covariant formalism
We now calculate the RGEs in the inflationary regime. We sketch the methodology and intro-
duce the relevant notation, before presenting the results. The technical details are relegated
to appendix A.
The covariant construction is based on the definition of a metric on the field space man-
ifold that is defined by the tensor contained in the highest-derivative term of the action [38].
This approach has led Vilkovinsky and de Witt in the Eighties to build the covariant ef-
fective action [38, 40], and it is ubiquitous to formulate multi-field dynamics in a covariant
form [39, 41–43]. Recently there has been a renewed interest in using geometric covariant
formalisms for instance in the context of SMEFT (and extensions) [44–48], to compute UV
divergences of general relativity as an EFT [49] and to address the issue of frame equivalence
(at quantum level) in scalar-tensor theories [50, 51].
Our work aims to provide covariant counterterms to have results that are field reparam-
eterization independent at each step in the derivation of the beta functions. This allows
to more systematically include all interactions contributing at a given order, and simplifies
calculations considerably.
In truth, once gauge bosons are included, the desired full covariant result is obtained
either by using a metric projected on the space of gauge orbits or by using the metric eq. (3.6)
but with a specific gauge choice [52, 53] different from the Landau gauge used in this work.
We consider this delicate issue in detail (and for a more general set-up) in a forthcoming
publication that will make it clear that results obtained by means of the two different gauge
choices (and the same field space metric in eq. (3.6)) differ by terms that are only higher
order in the accuracy used in the large and small field regimes.
3.1 Large field regime and counterterms
In the large field regime we can use (2.7) and expand in small δ−1 to capture the dominant
effects. At leading order in the δ−1-expansion the massM is not an independent parameter,
as it can be rescaled from the Lagrangian. Indeed, if we define the tilde fields and couplings
via
H˜6 = λM4H
6, λ˜ = 64/3λ1/3M8/3, y˜ = y
(M4
λ
)1/6
, α˜0i = α0i
(
λ
M4
) 1
3
(1+
ni
2
)
(3.1)
the Lagrangian in the large field regime becomes
L = −H˜4|DµH˜|2 − 6−4/3λ˜|H˜|4 −
( y˜√
2
q¯LHctR + h.c.
)
−
∑
a
1
4
α˜0A|H˜|4(1+
nA
2
)(F aµν)
2 +
∑
i
α˜0F |H˜|4(1+
nF
2
)ψ¯i(i /D)ψi +O(δ−1). (3.2)
Also in the small field regime, where the model reduces to the SM, the scale M drops out
of the Lagrangian at leading order in the δ-expansion. The scale M cannot be removed over
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the whole field range though. In fact, it still plays a fundamental role in determining the
boundaries between the small and large field region and the matching conditions between the
parameter of the two (see section 5.2).
We will calculate the loop corrections in the untilde variables, as this makes the δ−1
-expansion more transparent. As just shown, the original variables are not all independent at
first order in the δ−1 expansion, and the resulting counterterms will form a system that is not
closed.5 We then translate the counterterms to those for the set of independent tilde-variables
(3.4) to derive the beta functions for the tilde variables.
Counterterms are introduced in the usual way by rescaling the bare fields and couplings
by Zi = 1 + δi, with δi the counterterm:
Hb =
√
ZφH, ψb =
√
Zψψ, A
µ
b =
√
ZAA
µ, αb = Zαα,
λb = Zλλ, Mb = ZMM, yb = Zyy, gb = Zgg. (3.3)
The relation to the tilde counterterms follows from the rescaling relation eq. (3.1) and is
Z3
φ˜
= ZλZ
−4
MZ
3
φ, Zλ˜ = Z
1/3
λ Z
8/3
M , Zy˜ = ZyZ
2/3
M Z
−1/6
λ , Zα˜i = Zαi(ZλZ
−4
M )
1
3
(1+
ni
2
). (3.4)
To extract the beta functions only the divergent part of the one-loop corrections is needed.
We will calculate the two-point functions using dimensional regularization where we drop all
finite contributions and only keep the -poles. The one-loop beta functions for the couplings
and anomalous dimensions are then extracted from the counterterms via
− ∂t(lnZλi) = lim→0 (Zλi − 1) =
βλi
λi
,
1
2
∂t(lnZφ) = −1
2
lim
→0
(Zφ − 1) = γφ, (3.5)
with t = lnµ, µ the renormalization scale and  = 4− d.
3.2 Covariant fields
The Higgs field is decomposed in background plus perturbations as in eq. (2.9). We work in
Landau gauge (see eq. (A.3)) for which the ghosts fields decouple. The bosonic fields can be
grouped together ϕI = φI + δφI = {ϕa, Aiµ}, with a running over the Higgs and Goldstone
fields ϕa = {ϕ, θ1, θ2, θ3}, and i running over the SM gauge fields. The field space manifold
has a non-trivial geometry defined by the metric
GIJ = {Kφ(ϕI)δab,KAj (ϕI)ηµνδij} = {(1 + δ)δab, (1 + αAδ)ηµνδij}. (3.6)
Because the fluctuations δφI are not covariant objects on the field space manifold, one has
to deal with intermediate results (for the counterterms and the effective action) that are not
covariant under fields reparameterizations. This makes it hard to organize the calculation and
include all relevant interactions. For example, it is well known that the one-loop Coleman-
Weinberg potential depends on the covariant mass matrix of the bosonic fields running in
5If one tries to find the running ofM (and the other original parameters in the Lagrangian), there are not
enough conditions to solve for all counterterms and derive all beta functions.
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the loop mIJ = G
IK∇K∇JV , with ∇I the covariant derivative constructed from the field
space metric in eq. (3.6). To obtain this result expanding the action in δφI requires using the
background equations of motion as well.
To expand the Lagrangian in a form that is fully covariant under field redefinitions one
should replace the ordinary field displacement ϕI − φI with the tangent vector to the unique
geodesic connecting the background φI to the field ϕI
ϕI − φI → QI = dϕ
I(τ)
dτ
∣∣
τ=0
, (3.7)
where τ is the affine parameter parameterizing the geodesic such that ϕI(τ = 1) = ϕI and
ϕ(0) = φI . Let us summarize the notations in the following table
I Non-covariant fields δφI
∣∣∣ Covariant fields QI
φ δφ = Qφ +O(Q2)
θ θ = Qθ +O(Q2)
A Aµ = Q
Aµ +O(Q2)
In order to find the relation between the non-covariant displacements δφI and the covariant
ones QI , one can expand δφi ≡ ϕi − φi ≡ ϕi(τ = 1)− ϕi(τ = 0) in Taylor series around zero
in the affine parameter and recursively use the geodesic equation satisfied by dϕI/dτ ; this
gives
δφi =
∞∑
n=0
1
n!
dnϕi
dτn
∣∣∣
0
= Qi − 1
2
ΓijkQ
jQk +
1
3!
(ΓilmΓ
m
jk − ∂lΓijk)QjQkQl + .... (3.8)
where ΓKIJ are the Christoffel symbols associated to the metric GIJ evaluated on the back-
ground. To expand the action in covariant form we can consider S(ϕ) as a function of the
affine parameter τ evaluated in τ = 1, i.e.
S(ϕ) =
∞∑
n=0
1
n!
dnS
dτn
∣∣∣
τ=0
=
∞∑
n=0
1
n!
Qi1 · · ·Qin [∇(i1 · · · ∇in)S][φ], (3.9)
where we used ddτ ≡ dϕ
i
dτ ∇i and the geodesic equation. The round brackets mean symmetriza-
tion over the indices. The coefficients of the expansion are evaluated on the background and
will determine the strength of the interactions. In particular, we expand in this way the scalar
functions {V,Kφ,Kψ,KA} and the Yukawa and gauge interactions. Equivalently, the action
can be expanded by normal Taylor series in the fluctuations δφI , and then substitute their
expression in terms of the covariant fields given in eq. (3.8).6 We use this second approach to
expand the kinetic terms in covariant fluctuations. In this expansion we neglect terms with
time derivative of the background (φ˙2-corrections), as well as the backreaction from gravity,
which are both slow-roll suppressed during inflation.
6The two procedures give the same results since both represent the same expansion of the action in the
affine parameter τ .
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4 Renormalization group flow
In this section we calculate the one-loop beta functions for SM with non-minimally derivative
couplings eq. (2.7). In the small field regime the set-up reduces to the SM EFT with the SM
RGEs to leading order in the δ-expansion. In the large field inflationary regime, the EFT can
be expanded in δ−1. As we show, the EFT is renormalizable in the sense that all divergences
can be absorbed in counterterms order by order in the δ−1-expansion.
4.1 Renormalization group equations
We compute one-loop corrections to the Higgs, Goldstone boson, fermion and gauge boson
two-point functions, and expand in δ−1 to find the leading order contribution in the large
field regime. This gives the various counterterms in the theory, and consequently the beta
functions using eq. (3.5). The idea is to provide a systematic procedure to compute one-loop
beta functions in similar set-ups. Let us remind that we calculate the quantum corrections in
the untilde variables, as this makes the δ−1-expansion more transparent. However, we rewrite
the results in terms of the independent (and relevant) set of couplings, for which we derive
the RGEs.
The momentum dependent part of the two-point functions gives the counterterm for the
kinetic terms, whereas the momentum independent part provides the counterterm for the two-
point vertexes. We will denote these with Z2f and Zc 2f respectively, with f = {Qφ, Qθ, QA, ψ}
the (covariant) fields in question, and c = {λ, g, y} if it renormalizes the Higgs, gauge or
Yukawa coupling. The relevant counterterms are those of the quadratic Lagrangian. These
Z-factors can be expressed in terms of the basis set of counterterms introduced in (3.3). For
example, from the Higgs kinetic term in the large field regime
L ⊃ 1
2
Z2φZλZ
−4
MZφδ (∂Q
φ)2 ≡ 1
2
Z2Qφδ (∂Q
φ)2. (4.1)
The full set of Z-relations in the large field regime and at leading order is given in eq. (A.9).
To understand the results given in the next subsections it is useful to look at the masses of
the various particles. This allows to determine which particles have masses of the inflationary
scale and are included in the EFT spectrum for different choices of the non-minimal couplings,
and which are too heavy or too light (too weakly coupled) to contribute to the loop corrections
at leading order. The masses of the gauge and fermion fields depend on the functions KA
and Kψ in their kinetic terms. The masses of the bosonic fields are given by the covariant
expression (m2)JI = −GIJ∇I∇JL evaluated on the background:
m2h = λφ
2 (3 + δ)
(1 + δ)2
, m2θ = λφ
2 (1 + 3δ)
(1 + δ)2
, m2A =
g2i φ
2(1 + δ)
(1 + αAδ)
+
δ(2 + nA)αAλφ
2
(1 + δ)(1 + αAδ)
, (4.2)
with nA determining the non-minimal gauge coupling (2.5). We used the notation (m
2)Q
a
Qa ≡
m2a. The last term in the gauge boson mass arises from mixing between the Higgs and gauge
sector (specifically, because ΓφAA 6= 0), and it is suppressed at large field values for nA < 1.
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In principle we should also define covariant fermion fluctuations, but it is not clear how to
do that rigorously . We can find a parametric estimate of the fermion mass by rescaling
Kψ(φ)ψ → ψ to obtain approximately canonically renormalized fermions, where we evaluate
the function Kψ on the background. This gives
mψ ∼ 1√
2
K−1ψ yiφ. (4.3)
Below we will summarize the results for the two-point functions and beta functions for the
various cases defined in eq. (2.5). The technical details and the Feynman rules are given in
appendix A.
4.1.1 Case A
Let us start with case A. The top quark and gauge bosons are minimimally coupled and
have standard kinetic terms for α0f = α0A = 0. The Higgs and Goldstone are light m
2
h,θ ∼
O(δ−1)V 1/2, and their fluctuations decouple; this holds for all the cases we discuss. The top
quark has mass m2t ∼ V 1/2 and is in the spectrum. The gauge bosons on the other hand
are heavy m2A = Ø(δ)V
1/2 and should be integrated out; to obtain a renormalizable EFT at
lower energies requires new physics at this mass scale, as the gauge field loop contribution is
non-renormalizable [15].7
The one-loop expressions for the self-energies are given in appendix A.4-A.5. The coun-
terterms for the Higgs and fermion kinetic terms and for the fermion two-point interaction
vanish, while the Higgs two-point vertex gets a corrections from the top loop:
Z2Qφ = Z2ψ = Zy2ψ = 1 +O(δ−1), Zλ2Qφ = 1 +A+O(δ−1) (4.4)
with
A = − 1
8pi2
(
Ncy
4
λ
)
= − 1
8pi2
(
64/3y˜4
λ˜
)
. (4.5)
with Nc = 3 the number of colors.
We can understand these results parameterically by setting Kφ to its constant background
value, and evaluting diagrams with the unrenormalized Higgs field δφ and fermion fields on the
external lines. The effect of Kφ ∼ δ is that the Higgs/Goldstone propagator is suppressed by
a factor δ−1, the Higgs-gauge couplings (which reside inside the kinetic terms) enhanced by a
factor δ, and the diagram with a Z2Qφ counterterm is also enhanced by a factor δ. Thus Higgs
loops are suppressed, and since the gauge fields are integrated out, there is no leading order
contribution to the fermion self-energy. The top loop contribution to the Higgs two-point
vertex is as in the SM, however the wave function correction Z2Qφ ∝ δ−1 is suppressed.
7The loop-correction to the Higgs two-point vertex can be calculated in the g  1 limit, such that the
gauge boson mass is below the cutoff scale of the theory. It scales with δ2 and is thus large, and it cannot be
absorbed in the counterterms of the Lagrangian.
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The beta functions are derived using (3.5), and depend on the logarithm of the Z-factors.
We are thus interested in
0 = ln(Z2Qφ) = ln(Z
3
φ˜
), 0 = ln(Z2ψ),
0 = ln(Zy2ψ) = ln
(
ZψZy˜Z
1/2
φ˜
)
, ln(1 +A) = ln(Zλ2Qφ) = ln
(
Zλ˜Z
2
φ˜
)
, (4.6)
where in the second step we used the relation between different counterterms (see eq. (A.9)
in the appendix) and (3.4). Note that ZM has dissapeared when written in terms of the
tilde-variables, as it should. We can solve this system of equations to get
Zφ˜ = Zψ = Zy˜ = 1, Zλ˜ = 1 +A. (4.7)
The beta functions are then
(βy˜, γψ, γφ˜) = O(δ−1), βλ˜ = −
1
8pi2
64/3Ncy˜
4. (4.8)
4.1.2 Case B
Consider non-minimal kinetic terms for the gauge fields KA = 1 + α0δ, which brings them
back in the spectrum during inflation m2A ∼ V 1/2. The counterterms now become
Z2Qφ = Zψ = Zmψ = Z2QA = Zg2QA = 1 +O(δ−1), (4.9)
Zλ2Qφ = Zλ2Qθ = ZV = 1 +A (4.10)
with
A =
1
8pi2
1
λ
(∑
i
3g4i
α20
−Ncy4
)
=
1
8pi2
64/3
λ˜
(∑
i
3g4i
α˜20
−Ncy˜4
)
. (4.11)
The summation is over the massive electroweak gauge bosons, the W± bosons and the Z-
boson, with couplings gi =
1
2 × {g, g,
√
g2 + g′2}, and g and g′ the SU(2) and U(1) gauge
coupling respectively.
The counterterms derived from the Higgs self-energy are consistent with those derived
from the Goldstone self-energy, and also from the effective potential given in [15]. However,
it is interesting to note that only by including some of the genuinely new interactions coming
from the Q-expansion of the gauge fields (that are absent for canonical gauge fields), we
are able to find agreement for the various counterterms. Particularly important are the
interactions8
Lk = −1
2
GIJ(ϕ
I)∂ϕI∂ϕJ ⊃ −K2Qφ2∂QI (Qφ)2(∂QI)2 −K2Qθ2∂QI (Qθ)2(∂QI)2 (4.12)
where K2QI∂QJ are the background dependent coefficients given by expanding the non-
canonical kinetic term in covariant fields. For example K2Qφ2∂QA = αA0δ{0,−1/3φ2} where
8The couplings KQφ2∂QI = KQθ2∂QI = 0 vanish.
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the terms in curly brackets give the leading terms in the SM regime and large field regime
respectively. These new interactions give a contribution to the Higgs self-energy
δΠQφ =
QA
+
Qθ
+
Qφ
=− 1
8pi2
∑
I
2nIK2Qφ2∂QIGIIm4I (4.13)
and similar for the Goldstone boson self-energy. Here the sum is over QI = {Qφ, Qθ, QAµ}
with nI = {1, 3, 4 × 3} the d.o.f. Only the gauge boson contributes at leading order, as the
Higgs/Goldstone mass is suppressed during inflation. Including this correction, see appendix
(A.2) for more details, the results for all counterterms are consistent.
We can once again understand the results in eq. (4.10) parametrically, by takingKφ,KA ∝
δ on the background. The difference with case A is that now also the gauge boson propagator
is suppressed by δ−1, the gauge non-abelian self-interactions (which reside inside the gauge
kinetic terms) enhanced by a factor δ, and the diagram with a Z2QA counterterm is also
enhanced by a factor δ. Remembering that the gauge-Higgs couplings are enhanced, we
see that now the gauge loop does contribute to the Higgs self-energy at leading order as
the relevant diagrams scale with powers of (Kφ/KA) = O(1). There is no leading order
contribution to Z2QA . This is because both the diagrams with a gauge-loop (the enhancement
of the gauge-interactions is cancelled by the suppressed gauge boson propagator) and fermion
loop (the fermion interactions are standard) are O(1), while the diagram with the counterterm
is enhanced. There is also no gauge boson contribution to the fermion self-energy as the
corresponding diagrams are suppressed by the gauge-boson propagator.
The Higgs and fermion Z-factors give the same results as in case A given in (4.6), except
that A now includes the gauge contribution. In addition, the gauge interactions give
0 = ln(Z2QA) = ln
(
Zα˜0Z
2
φ˜
Z2g
)
,
0 = ln(Zg2QA) = ln
(
Z3
φ˜
)
(4.14)
where we used the Ward identity Z2giZAi = 1 (no summation). We can solve the system of
equations to get
Zφ˜ = Zψ = Zy˜ =
Z2g
Zα˜0
= 1 +O(δ−1), Zλ˜ = 1 +A. (4.15)
The beta functions are then
βy˜ = βg2/α˜0 = γψ = γφ˜ = γA = O(δ
−1), βλ˜ =
1
8pi2
64/3
(
3
∑
i
g4i
α˜20
−Ncy˜4
)
, (4.16)
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4.1.3 Case C and D
Case C is analogous to case B with the only difference that this time the fermion is light
and decouples. Thus βλ˜ = 1/8pi
264/3(
∑
i 3g
4
i /α˜
2
0). In case D all fields are weakly coupled,
βλ˜ = O(δ−1), and nothing runs.
4.2 Beta-functions summary
The RGEs during inflation can be summarized as follows
βy˜ = βg2/α˜0 = γψ = γφ˜ = γA = O(δ−1),
βλ˜ =
1
8pi2
64/3
(
3f1
∑
i
g4i
α˜20
− f23y˜4
)
, (4.17)
with gi =
1
2{g, g,
√
g2 + g′2}, and g and g′ the SU(2) and U(1) gauge coupling respec-
tively. The fi take on a value of zero/one depending on the non-minimal couplings of the
fermion/gauge fields, specifically
Case A : (f1, f2) = (0, 1),
Case B : (f1, f2) = (1, 1),
Case C : (f1, f2) = (1, 0),
Case D : (f1, f2) = (0, 0). (4.18)
5 Predictions for inflation
We are now in the position to calculate corrections to the inflationary observables ns and r
due to the running of the couplings.
For the boundary values of the couplings at the electroweak scale we use the two-loop
matching conditions of [54].9 The inflationary parameters are sensitive to the top and Higgs
masses (mEWt ,m
EW
h ) ≡ (Mt,Mh) and the strong coupling constant αs. The top mass deter-
mination gives the largest uncertainty, both from an experimental and a theoretical point of
view (see [55, 56] for recent discussions). The best current estimate is Mt = 172.9± 0.4 GeV
[57]. We fix, for illustrative purposes, αs to its central value αs = 0.1181 and Mh = 125.6 GeV
[57].
In the small field regime (δ < 1) we use the the SM two-loop beta functions [54, 58]
to compute the running of the SM parameters {λ, y, ..}. At the boundary δ = 1 we match
to the rescaled couplings {λ˜, y˜, ..} of the large field regime (δ > 1), and use the one-loop
beta functions derived in the previous section for their running. As already mentioned, the
corrections due to unknown UV physics on the running gives rise to threshold corrections
9The instability of the Higgs potential (when λ(µ) becomes negative) is pushed to larger scales with two-loop
matching conditions compared to one-loop matching.
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which we parameterize, following the approach in [11–13, 15], by a jump in the couplings at
the boundary between the two regimes.
We restrict to the tree-level RG improved potential for our numerical analysis since we
have derived only the one-loop beta functions in the large field regime.
5.1 Renormalization group dependence: analytical estimate
Before turning to the actual numerical implementation we quickly recap the analytical esti-
mate of the effect of the running on the inflationary observables [15]. With the explicit form
of the RGEs we can now verify some of the assumptions previously made.
We consider the RG improved effective action in terms of the canonical field h, see
eqs. (2.12) and (3.1)
h =
√
λφ3
6M2 =
φ˜3
6
, (5.1)
frow which it follows that γh = 3γφ˜. In all cases A-D considered in the previous section we
found γφ˜ = O(δ−1), and we can thus neglect the anomalous dimension since γh = O(δ−1), γ′h =
O(δ−1).10 The leading-order RG improved action then becomes
L = 1
2
R− 1
2
∂µh∂
µh− λ˜(t)
4
h4/3. (5.2)
The RG improved potential is shown in fig. 2a for different boundary conditions of the top
mass and for different threshold conditions paramerized by a jump ∆λ in the Higgs coupling
at the matching scale. For large top mass and/or large negative jump the potential develops
a maximum.
We choose as renormalization scale the top mass. The RG time is then (using again
eq. (3.1))
t = ln
(
µ
mEWt
)
, µ = yφ = y˜φ˜ = y˜ 61/3h1/3. (5.3)
Often the Yukawa coupling is neglected for simplicity as y = O(1). However, one should
keep y˜ explicitly as it can be small. Indeed, using tree-level relations derived below eq. (2.13)
for e.g. y ' 10−1 and λ ' 10−4 we find y˜ ' 10−4. Running effects enter the observables,
because calculating slow-roll parameters (derivatives of the potential) also involves taking the
derivative of the λ˜-coupling in the potential [15]:
dλ˜(µ)
dh
≡ βλ˜
dt
dh
=
βλ˜
3h
+O(δ−1), dβλ˜
dt
≡ β′
λ˜
= O(δ−1), (5.4)
where we used the RGEs summarized in eq. (4.17). When the top quark decouples and the
gauge boson remains in the spectrum, as in case C, the gauge boson mass is the appropiate
10As a consequence, our results for slow-roll parameters and observables are implicitly formulated in a
gauge-invariant fashion as in [59].
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scale and the same equations hold with y˜t replaced by g/α˜0. The potential slow-roll param-
eters are V = 8/(9h
2)(1 + βλ˜/4λ˜)
2 and ηV = 4/(9h
2)(1 + 5βλ˜/4λ˜). The number of e-folds
before the end of inflation is N? ≈ 3h2?D?/8, where we assumed11
D? =
(
1 +
βλ˜
4λ˜
)−1
?
≈ constant ⇒ βλ˜
λ˜

(
βλ˜
λ˜
)2
. (5.5)
To leading order in the 1/N? expansion the observables become
ns − 1 ' − 5
3N?
(
1 +
2
5
βλ˜
4λ˜
)
?
, r ' 16
3N?
(
1 +
βλ˜
4λ˜
)
?
(5.6)
The influence of the RG flow can become significant if the ratio βλ˜/(4λ˜) is order one during
inflation.
5.2 Matching and running: numerical results for case A
The linear analysis of the previous section indicates an RG dependence of the inflationary
observables. We now compute numerically the size of these corrections, starting with case
A. In the small field regime we run the SM parameters {λ, y, ..} using the 2-loop SM beta
functions [54, 58], and with boundary condtions at the EW scale. At the border between the
two regimes
δ|teq = 1 =⇒ φeq =
(
4M4
λ(teq)
)1/4
, (5.7)
we switch to the rescaled couplings {λ˜, y˜, ..}. Threshold corrections can be incorporated (and
parameterized) by a jump in the coupling constants at teq. Beyond the matching point we
run with the one-loop beta functions valid in the large field regime eq. (4.17). The power
spectrum constraint fixes
PR = 2 · 10−9 =⇒ λ˜? ≡ λ˜(t?) = 4 · 10−10, (5.8)
where t? is as usual the value of the RG time eq. (5.3) at horizon crossing.
The large field RGEs (4.17 ,4.18) for case A are
βy˜ ≈ 0,
βλ˜
λ˜
= −3× 6
4/3
8pi2
y˜4
λ˜
. (5.9)
The first equation trivially implies β′
λ˜
≈ 0. The matching conditions at the boundary depend
on the scale M
λ˜eq = 6
4/3λ1/3eq M8/3, y˜eq = yeqλ−1/6eq M2/3, (5.10)
11Note that, in contrast to the case of the Cosmological Attractors (see [29]), one cannot consider the beta
functions dependent factor D constant over the integration domain when computing N∗ as a function of the
field. In fact, expanding the integrand, all the terms of the series contribute at the same order in the small
parameter δ−1.
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(a) RG improved potentials as a function of the canonical inflaton field h. The left (right) vertical
lines correspond (for each scenario) to the beginning (end) of inflation.
(b) Intersection of the running coupling λ(t) with the curve αe−8t/3 (dashed green line) from (5.15) as
a function of the renormalization time t. The intersection points give (teq, λeq) and define the matching
point. A larger top mass/negative threshold correction implies a smaller λeq, and consequently larger
corrections to the observables (see eq. (5.16)).
Figure 2. Case A: RG improved potential and matching point for Mh = 125.6 GeV and different top
mass (left) and (Mh,Mt) = (125.6, 170) GeV and different threshold corrections (right).
where we used (3.1), and we introduced the notation X(teq) ≡ Xeq. We can now understand
how the predictions for ns and r, which depend on the ratio (βλ˜/λ˜)? with λ? fixed, depend
on the running. Different boundary conditions at the EW scale will result in different values
of M required to adjust the matching conditions at teq in such a way that λ˜? = 4 · 10−10
is obtained. Furthermore, different values of M (and λ) at the matching point will give a
different value for y˜eq. Since βy˜t ≈ 0, y˜eq = y˜? this value will determine the correction to the
inflationary parameters.
Given the simple form of eq. (5.9) we can integrate dλ˜/dt = βλ˜ explicitly
λ˜(t) = λ˜eq + (t− teq)βλ˜ = λ˜eq + ln
(
y˜φ˜
yeqφeq
)
βλ˜. (5.11)
It is possible to express λ˜ as a function of the field h and the low energy parameters at the
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matching point teq. Using eqs. (5.9) and (5.10) we have
λ˜(h, teq) = 6
4/3λ1/3eq M8/3 + βλ˜(teq) ln
(
h1/3yeqλ
−1/6
eq M2/361/3
mEWt e
teq
)
, (5.12)
where we used yeqφeq = m
EW
t e
teq and (5.3). Once we determine teq, the corrections to ns and
r proportional to βλ˜(teq)/λ? can be computed. The value of eq. (5.12) at the field value h? is
fixed by eq. (5.8), i.e. λ˜(h?, teq) = λ?. This, together with the relation defining the boundary
eq. (5.7) forms a system of two equations with four unknowns {teq, h?,M, hend}. In order
to close the system we add the equation for the number of e-folds (if not otherwise specified
we use N? = 60) and V (hend) = 1. Summarizing, we want to solve the following system of
equations
λ˜(h?, teq) = λ˜?, M = λ
1/4
eq√
2yeq
mEWt e
teq , N? =
ˆ h?
hend
dh√
2
, V (hend) = 1. (5.13)
We used φeq = y
−1
eq m
EW
t e
teq to rewrite eq. (5.7) in terms of M in the second equation. In
practice we do not solve explicitly the last equation but approximate h?  hend ' 0 as it
turns out that hend is always one or two orders of magnitude smaller than h?. The values
for {λ˜?, N?,mEWt } are fixed. Further, λeq, yeq are the SM running couplings evaluated at teq;
they depend implicitly on the boundary conditions at the electroweak scale for λ, y, i.e. on
the mass of the top and the Higgs measured at the LHC.
5.2.1 Boundary conditions at the electroweak scale
First we discuss the results without threshold corrections, when the observables only depend
on the boundary conditions at the EW scale. Without running, M would be fixed by λ˜? in
eq. (5.8) via eq. (3.1), and its constant value would define the matching point eq. (5.7). Instead
{M, teq} are coupled by the first two equations in (5.13). Before solving it numerically, it
is useful to build some idea about what results to expect. For this we solve M from the
first equation by neglecting the running of λ˜ in the large field regime, i.e the second term in
eq. (5.12); this will give some numerical correction but does not change the qualitative nature
of the solution. We find
√
6M' λ˜3/8? λ−1/8eq . Substituting in the second equation, and solving
for λeq gives
λeq = λ?
(
yeq√
3mEWt e
teq
)8/3
e−8teq/3 ≡ αe−8teq/3 . (5.14)
Thus λeq is given by the intersection of the two curves
λ(t) = αe−8t/3, (5.15)
with α depending (weakly) on the boundary conditions at the EW scale. For example, for fixed
Higgs mass a larger top mass will give a larger matching point teq, and thus a smaller λeq as
the coupling value decreases with renormalization time t (see fig. 2b). To first approximation
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Figure 3. The value of (βλ˜/λ˜)eq (red curves) depends only on the SM couplings at the EW scale and
on the running (no threshold corrections are included). Its value translates in the actual size of the RG
correction (blue curves) through the enhancement given in eq. (5.16). For (βλ˜/λ˜)? < −1, the potential
cannot sustain 60 e-folds of inflation anymore. In case B, due to the gauge boson contributions, the
absolute value of the correction takes almost a step function shape. This causes a smaller region in
parameter space with respect to case A for which the predictions are sensitive to the RG flow.
we have that the corrections to the inflationary parameters go as (βλ˜/4λ˜)|?. From eq. (5.9)
and eq. (5.12) we arrive at(
βλ˜
4λ˜
) ∣∣∣
?
=
(
βλ˜
4λ˜
) ∣∣∣
eq
(
1 +
(
βλ˜
4λ˜
) ∣∣∣
eq
ln(...)
)−1
,
(
βλ˜
4λ˜
) ∣∣∣
eq
= − 3y
4
eq
32pi2
1
λeq
∝ 1
λeq
. (5.16)
It follows that the corrections to the observables parameterized by
∣∣βλ˜/(4λ˜)∣∣? increase for
smaller λeq, i.e. for a larger top mass. This is illustrated in the left plot of fig. 2b. In
eq. (5.16) ln(..) is the log appearing in eq. (5.12), which numerically is order O(10) for
different boundary conditions. The log enhances the size of the corrections as is shown in the
left plot of fig. 3. For example, for boundary conditions such that βλ˜/(4λ˜)
∣∣
eq
= 10−2 − 10−1,
the corrections are already order one. For larger corrections it is no longer possible to obtain
N? = 60 e-folds of inflation. This can also be seen from fig. 2a: the larger the top mass
the larger the correction, but we see that this also pushes the maximum of the potential to
smaller Higgs field values until the region on the left is too small to support 60 e-folds.
The full numerical results for the observables ns and r are shown in fig. 4a for different top
masses. We also plotted the contours of the 2015 and 2018 Planck data [1, 60]. Although the
tree-level results are outside the 2σ-contours of the latest Planck data, the running corrections
can bring the model back into the region favored by Planck.
5.2.2 Threshold corrections
Let us now include threshold corrections, which we model by a shift in λ → λ + ∆λ at the
boundary between the small and large field regime. ∆λ has to be considered as the sum of
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(a) Inflationary predictions for varying top mass. The black dot represents the tree level result that is
reached for unrealistic values Mt < 160GeV.
(b) Inflationary predictions for Mt = 170.5 GeV and Mh = 125.6 GeV fixed and varying threshold
conditions. The cross, circle, and diamand markers correspond to ∆λ = 10−3, 0 and 103 respectively.
Results are shown for the range N∗ = 50 (big marker) to N∗ = 60 (small marker). Note that, in
agreement with fig. 2b, negative kicks lead to a bigger spread in the predictions.
Figure 4. Case A: predictions for the spectral index ns and tensor-to-scalar ratio r compared to the
2018 (1 and 2σ in the grey shaded regions) and the 2015 Planck data (the external light grey line is the
2σ contour). The effect of threshold corrections is completely degenerate with changing EW boundary
conditions.
the contributions from higher dimensional operators to the running of λ [5, 6, 11–15]. This
means that at teq, the value of λ that is matched to the tilde parameters is shifted by
λneweq = λ(teq) + ∆λ (5.17)
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If we assume as in [61] that new physics implies a shift in the beta function of λ on the
order of δβλ ∼ 1/(4pi)2 at the matching scale, the effective shift seen at the inflationary
scale by λ would be given approximately by ∆λ ∼ δβλ ln(φ∗/φeq) ∼ 10−2. In principle there
is also a jump in the Yukawa coupling, which we ignore (this gives a degeneracy with the
EW boundary value of the Yukawa coupling) as the relative correction is small. To see the
effect of the threshold corrections, we solve the same system of equations (5.13), but with the
substitution λeq → λneweq . We fix the boundary conditions at the EW scale and let ∆λ vary.
In order to understand the numerical results we can go through the same steps as before, with
the only difference that (5.15) now becomes λ(t) + ∆λ = αe−8t/3 . For fixed EW boundary
conditions teq is now given by the intersection between the shifted curve and the same αe
−8t/3
as before. It follows that a positive/negative ∆λ will cause a smaller/larger correction that
goes “up/down” in the (ns, r)-plot compared to the tree level result, as illustrated in fig. 2b.
The predictions for ns and r in presence of threshold correction are shown in fig. 4b,
where we now also showed the band range for N? = 50 − 60. The curve trajectory in the
(ns, r)-plot obtained by decreasing the shift ∆λ is fully degenerate with the curve obtained
by increasing the top mass, as can be seen by comparing with fig. 4a. This can easily be
understood by looking at the systems of equations solved, and can also be clearly seen from
fig. 2b: increasing the top mass and decreasing the shift ∆λ both have the same effect of
decreasing λeq, and thus increasing the RG corrections to inflation.
5.3 Matching and running: other cases
In case B the gauge bosons are back in the spectrum during inflation. We proceed in the same
way as in the previous section, but with different RGEs in the large field regime eq. (4.17)
with (f1, f2) = (1, 1). The running of λ˜ depends on the gauge couplings only through the
combinations g2i /α˜0, and thus we add to eq. (5.10) the following matching condition for the
gauge couplings
g˜2ieq ≡
g2ieq
α˜0eq
= g2ieqλ
−1/3
eq α
−1
0 M4/3. (5.18)
The results of the numerical implementation for case B (without threshold corrections) are
given in fig. 5. As in case A the tree level results are never reached for realistic values
of the top mass. However, for the values of the boundary conditions that allow inflation
to happen, there is less dependence on the RG flow. This can be explained by looking at
the right-hand plot in fig. 3. The positive contribution from the gauge bosons to βλ˜ leads to
(βλ˜/λ˜)eq changing rapidly over a relatively narrow range of top masses of O(0.1) GeV, roughly
between 171−171.2 GeV. Since the corrections proportional to (βλ/λ)? are enhanced through
eq. (5.16), we jump quickly from having zero corrections to spoiling inflation completely, i.e.
from (βλ/λ)? ' 0 to (βλ/λ)? ' −1. This also means that the inflationary predictions cannot
be brought back in the 2σ-contour of the latest Planck data by the RG flow corrections. Since
changing EW boundary conditions and varying matching corrections is degenerate, this result
is robust.
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Figure 5. (ns, r) predictions for Case B without threshold corrections and for α0 = 1. The dashed
line represents the analytic approximation of eq. (5.6). We have zoomed in on the Planck plot since
the inflationary observables are less RG dependent than in case A. This outcome can be explained (see
main text) by looking at fig. 3.
This is in contrast with case A, as can be seen from the left-hand plot in fig. 3. In this
case the corrections grow much more gradually with changing top mass, and change from
percent level to order one over a much wider range of top masses of O(1) GeV. As a result the
inflationary predictions vary over a wider range as well, and as noted before, in case A it is
possible that the RG corrections bring the predictions back in the region favored by Planck.
In case C the implementation is very similar to the previous cases with the quantitative
difference that now, since the top quark decouples, βλ˜ > 0 in the large field regime. This
implies positive corrections to ns and r, as can be understood from the approximate solution
eq. (5.6). Thus, by increasing the top mass (i.e. increasing the size of the corrections), the
inflationary parameters “move up” in the Planck plot to higher values of the tensor-to-scalar
ratio r compared to the tree-level result, farther outside region favored by Planck. Finally,
case D gives trivially the tree level results since βλ˜ = O(δ−1).
6 Conclusions
We studied the effects of the renormalization group flow on inflationary models that are
embedded in low energy (beyond the) Standard Model theories. The inflationary predictions
depend on the renormalization group equations during the inflationary stage and on a new
kind of UV sensitivity [5] present in inflationary models with non-renormalizable operators.
In this paper we developed the necessary tools to analyse the effects of the running
couplings, and of the threshold corrections parameterizing the UV physics, on the inflationary
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predicitons. Results have been applied to the SM with non-derivative couplings to gravity and
different cases have been considered in which apart from the Higgs also gauge boson/fermions
are non-minimally coupled to gravity.
We have calculated the one-loop beta functions in the large field regime using a covariant
approach that takes into account the non-trivial geometry of the field space manifold. The
results for the RGEs are summarized in eq. (4.17). Given the simple form of the beta functions,
it may seem that by introducing the covariant formalism we used a sledgehammer to crack a
nut. However, as we saw for example in case B, the covariant formalism is necessary to have
a consistency check and thus obtain reliable results. This suggests that in general a covariant
formalism is desirable to compute the RGEs in presence of a non-flat metric in field space.
The explicit dependence of ns and r on the running coupling λ˜ defined in eq. (3.1) can
be computed via an analytical approximation with results given in eq. (5.6). In inflationary
models in which, in the large field limit, the potential asymptotes to a constant value expo-
nentially fast as a function of the canonical field, the RG corrections to ns and r disappear
at first order in the 1/N? expansion due to a cancellation between the running dependence of
the slow-roll parameters and of the number of e-folds. This is the case for the large class of
cosmological attractors that includes Higgs inflation as a particular case [6, 29]. As eq. (5.6)
shows, such an insensitivity to running effects does not happen in general, and not in models
where the approach to a constant is polynomial.
The full non-linear RG dependence for the original new Higgs inflation proposal with
only a non-minimal coupling for the Higgs field (case A) is shown in figure 4a (as a function
of the boundary conditions at the EW scale), and in figure 4b (as a function of the threshold
corrections). In figure 5 the sensitivity of the predictions when the gauge bosons are also non-
minimally coupled (case B) is illustrated. In both cases the tree level results are modified by
the running corrections. In case A this allows to ‘push back’ the prediction into the region
favored by the Planck data, whereas in case B the running corrections ruin the flatness of the
inflationary potential before the 2σ-region is reached.
The general lesson is that in these type of models the classical description is not enough
to sensibly compare the predictions to the Planck data.
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A Calculation of the self-energies
In this appendix we provide more details for the calculation of the self-energies of the Higgs,
Goldstone, fermion and gauge fields. We first determine the self-energies in the Abelian-Higgs
model augmented with a single fermion. This not only simplifies the calculation of the two-
point funtions but also avoids much notational clutter. Sections appendices A.1 to A.3 give
the expressions for the U(1) theory. In appendix A.4 we calculate the two-point funtions for
the Higgs, gauge and fermion field in the Abelian model. These results for the self-energies
are subsequently generalized to the full SM gauge group in appendix A.5.
A.1 Renormalized action
We give the Lagrangian, counterterms and Feynman rules for the Abelian-Higgs model with
a single Dirac fermion field. Rescaling the bare parameters eq. (3.3) the renormalized action
is
L = −1
2
Kφ(ϕ
a)Zφ∂µϕ
a∂µϕa − 1
4
KA(ϕ
a)ZA(Fµν)
2 +Kψ(ϕ
a)Zψψ¯(i/∂)ψ
− Z2φZλV (ϕa)− ZψZyZ1/2φ
y√
2
ψ¯Fψ(ϕ
a)ψ − Z2ZAZφ 1
2
g2A2FA(ϕ
a)
+ ZgZ
1/2
A Zψ
(
gqLψ¯ /APLψ + gqRψ¯ /APRψ
)
+ ZgZ
1/2
A Z
1/2
φ Kφ(ϕ
a)gqHA(ϕ∂θ − θ∂ϕ).
(A.1)
With the charge of the Higgs field fixed to unity, gauge invariance implies the relation qL −
qR + qH for the charges of the left and right handed fermions and the Higgs field. We can
then identify the U(1) symmetry with hypercharge by equating 2Yi = qi. Further,
V =
λ
4
(ϕ2 + θ2)2, Fψ =
(
ϕ− iγ5θ) , FA = Kφ(ϕ2 + θ2),
Kφ = (1 + Zδδ) , Kψ = (1 + ZαFZδαF δ) , KA = (1 + ZαAZδαAδ) (A.2)
with δ given in (2.4), and we introduced the notation Zδ = Z
2
φZλ/Z
4
M. The gauge fixing term
for the generalized Rξ-gauge is
LGF = − 1
2ξ
KA(φ)
(
Z
1/2
A ∂
µAµ − ZgZφgξKφ(φ)φ
KA(φ)
θ
)2
(A.3)
The Aµ∂
µθ-term cancels the interaction in the Higgs kinetic terms, and the quadratic terms
are diagonal. We work in Landau gauge ξ = 0, for which the ghosts fields decouple.
A.2 Feynman rules
In this subsection we will give the Feynman rules for the action in terms of the covariant fields.
We expand the action eqs. (A.1) and (A.3) in covariant fields using eqs. (3.8) and (3.9), where
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we use the notation in section 3.2. This gives the interaction Lagrangian which the defines
the various couplings
Lint =− λmQφnQθ(Qφ)m(Qθ)n − ymQφnQθ(Qφ)m(Qθ)nψ¯(iγ5)nψ
− y2ψψ¯ψ + gLψ¯QAPLψ + gRψ¯QφPRψ
− (gQA∂QφmQφnQθ∂Qφ − gQA∂QθmQφnQθ∂Qθ)QA(Qφ)m(Qθ)n
− g2QAmQφnQθ(QA)2(Qφ)m(Qθ)n + ...
Equivalently we expand the kinetic terms, for example
Lk = −KQφ2∂QI (Qφ)2(∂QI)2 −K2Qθ2∂QI (Qθ)2(∂QI)2 + ... (A.4)
All interactions are defined with a minus sign (the only exception is for one of the derivative
interactions and the fermion-gauge interaction), and without numerical factors. This means
that for a vertex with m Qφ-fields and n Qθ-fields and with or without fermion/gauge lines
we have, respectively:
V (mQ
φnQθ) = (−i)m!n!λmQφnQθ ,
V (mQ
φnQθ2ψ) = (−i)m!n!ymQφnQθ(iγ5)n,
V (mQ
φnQθ2QA) = (−i)2!m!n!g2QAmQφnQθ . (A.5)
For the derivative interaction we get
V (Q
A∂QjmQφnQθ) = −igQA∂QjmQφnQθ(−ipµ), j = {φ, θ}
V 2Q
j2∂QI = 2!2!(−iK2Qj2∂QI )pµpµ, j = {φ, θ}
(A.6)
with p the momentum running through the vertex. The fermion, scalar and gauge propagators
are given by:
−iDψ(p) = K−1ψ
−i(−/p+mψ)
p2 +m2ψ − i
,
−iDQI (p) = K−1φ
−i
p2 + (m2)II − i
,
−iDµν(p) ξG=0= −iK−1A
gµν − pµpνp2
p2 +m2A − i
. (A.7)
The masses are given in eqs. (4.2) and (4.3).
Finally, we need the countertems in the quadratic action, We define the notation
Lct = −
∑
I
(
1
2
Z2QI (∂Q
I)2 + ZcI2QI ccI2QI (Q
I)2
)
+ Z2ψL,Rψ¯L,R /∂ψL,R − Zy2ψy2ψψ¯ψ (A.8)
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with I running over the bosonic fields and cI = {λ, g} labels the coupling that the counterterm
normalizes. The counterterm can be expressed in terms of the “elementary” ones eq. (3.3) as
Z2Qφ = Z2Qθ = ZλZ
3
φZ
−4
M , Zλ2Qφ = Zλ2Qθ = ZλZ
2
φ,
Z2QA = ZAZKA , Zg2QA = ZKAZ
2
gZAZ
−1
αA
,
Z2ψL,R = ZψL,RZKψ , Zy2ψ = ZψZyZ
1/2
φ , (A.9)
with
ZKA = Zα0A
(
ZλZ
2
φZ
−4
M
)1+nA
2 , ZKψ = Zα0f
(
ZλZ
2
φZ
−4
M
)1+nf
2 . (A.10)
A.3 Coupling strengths
We list the relevant vertices in the theory with a U(1) gauge group for case B, where both
fermions and gauge bosons are in the spectrum. Case A can be obtained from this result by
setting g → gKA(φ), and then subsequently integrating out the gauge bosons; thus effectively
we can set the gauge coupling to zero. Case C is obtained by rescaling the Yukawa coupling
y → y/Kψ, which makes the fermion contribution subleading, and effectively we can set the
Yukawa to zero. Case D is obtained by rescaling both g and y with the appropriate metric
factors; the net effect is that both fields decouple and we can effectively set both couplings
to zero. All couplings are evaluated on the background and we use the notation that the first
term in the curly brackets is the leading result in the SM limit (δ  1), and the second term
the leading result in the inflationary regime (δ  1).
The vertices derived from the potential are valid in all four cases. For example, 4!λ4Qφ =
∇4φV and 3!λQφ2Qθ = ∇(θ∇θ∇φ)V . The full results are given by
λ2Qφ =
λφ2
2
{3, 1}, λ2Qθ =
λφ2
2
{1, 3}, λ3Qφ =
λφ
3
{3,−1}, λ4Qφ =
λ
12
{3, 5},
λ4Qθ =
λ
4
{1,−9}, λQφ2Qθ = λφ{1,−3}, λ2Qφ2Qθ =
λ
2
{1, 15}. (A.11)
The vertices derived from the Yukawa interactions are yQφ = ∇φFψ, yQθ = iγ5∇θFψ etc.
yQφ =
y√
2
{1, 1}, yQθ =
y√
2
{1, 1}, y2Qφ = −
y√
2φ
{0, 1}, y2Qθ = −
y√
2φ
{0, 1}. (A.12)
The vertices involving gauge fields are
g2QA2Qφ =
g2
6
{3,−5δ}, g2QA2Qφ =
g2
2
{1, 5δ}, g2QAQφ = g2φ{1, δ},
gQA∂QφQθ = g{1, δ}, gAψ¯sψs = gqs{1, 1}. (A.13)
with s = L,R. The relevant couplings coming from the kinetic terms are
K2∂QA2Qφ =
αA0δ
3φ2
{0,−1}, K2∂QA2Qθ =
αA0δ
φ2
{0, 1} (A.14)
27
A.4 Two-point functions in the Abelian-Higgs model
With the Feynman rules in hand we can calculate the one-loop self-energies of the Higgs,
Goldstone, fermion, and U(1) gauge boson field. We only include the interactions from the
kinetic terms eq. (A.14) that are not suppressed by δ−1. The results are
ΠQφ
(
p2
)
=
1
8pi2
{(
18λ23QφK
−1
φ + 12λ4Qφm
2
h
)
K−1φ +
(
2λ2Qφ2QθK
−1
θ + 2λ2Qφ2Qθm
2
θ
)
K−1θ
+
(
6g2QA2Qφm
2
A + 6g
2
2QAQφ +
3
4
K−1θ
(
gQA∂QφQθ + gQA∂QθQφ
)2
p2 − 6K2Qφ2∂QAm4A
)
K−1A
− (2y2Qφ(p2 + 6m2ψ)K−1ψ + 8y2Qφm3ψ)K−1ψ }− [ (Z∂Qφ − 1) p2Kφ + (Zλ2Qφ − 1) 2λ2Qφ],
(A.15)
ΠQθ
(
p2
)
=
1
8pi2
{(
12λ4Qθm
2
θ + 2λ2Qφ2Qθm
2
h + 4K
−1
φ λ
2
Qφ2Qθ
)
K−1θ
+
(
6g2QA2Qθm
2
A +
3
4
K−1φ
(
gQA∂QφQθ + gQA∂QθQφ
)2
p2 − 6K2Qφ2∂QAm4A
)
K−1A
− (2y2Qθ (p2 + 2m2ψ)K−1ψ − 8y2Qθm3ψ)K−1ψ }− [ (Z∂Qθ − 1) p2K−1θ + (Zλ2Qθ − 1) 2λ2Qθ].
(A.16)
For the fermions
Πψ
(
/p
)
=
1
8pi2
{(
y2QφK
−1
φ (mψ −
1
2
/p)− y2QθK−1θ (mψ +
1
2
/p)
)
K−1ψ
+ y2QφK
−1
φ m
2
h − y2QθK−1θ m2θ − 3mψK−1A g2qLqR
}
− [(Zy2ψ − 1)mψ +Kψ/pPL (Z2ψL − 1) +Kψ/pPR (Z2ψR − 1)] .
(A.17)
For the gauge fields
ΠAµν =
1
8pi2
{
(3K−1φ K
−1
A g
2
Qφ2QA + 2K
−1
φ g2Qφ2QAm
2
h + 2K
−1
θ g2Qθ2QAm
2
θ)gµν
−K−1φ K−1θ
[
1
4
(
gQA∂QφQθ + gQA∂QθQφ
)2(p2
3
+m2h +m
2
θ
)
gµν
−
(
g2QA∂QφQθ − gQA∂QφQθgQA∂QθQφ + g2QA∂QθQφ
) 1
3
pµpν
]
− (2
3
(
p2gµν − pµpν
)
g2
(
q2R + q
2
L
)
+ 2g2 (qL − qR)2m2ψgµν
)
K−2ψ
}
− (Z2QA − 1)K−1A (p2gµν − pµpν)− (Zm2A − 1) gµνm2A. (A.18)
A.5 Two-point functions in the SM
In this subsection we generalize the U(1) result to the full SM gauge SU(3)× SU(2)×U(1).
We only include the effects of the top quark yukawa, but neglect the smaller yukawa couplings
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of the other fermions. To set the notation and our conventions, the covariant derivatives are
DµH = (∂µ − igaaµτa − iYHg′Bµ)H
DµQL = (∂µ − igsfaµta − igaaµτa − iYQg′Bµ)QL
DµuR = (∂µ − igsfaµta − iYug′Bµ)uR (A.19)
with {B, a, f} the U(1), SU(2) and SU(3) gauge fields respectively with corresponding gauge
couplings {g′, g, gs}. The hypercharge assignments are YH = 1/2, YQ = 1/6 and Yu = 2/3.
Higgs self energy: Πh. The Higgs kinetic term can be written in the form
LH ⊃ −Kφ(DµH)†(DµH) = −Kφ
[
(∂δφ)2 +
3∑
i=1
(
(∂θi)
2−2giAi(φ∂θi−θi∂φ)+g2i φ2A2i
)
+ ...
]
.
(A.20)
The gauge boson mass eigenstates are Ai = {A1, A2, Z,Aγ} with W± = A1 ± iA2, Z,Aγ the
usual W , Z and photon fields, and the gauge couplings are gi =
1
2 × {g, g,
√
g2 + g′2, 0}.
The Higgs/Goldstone-gauge couplings for the electroweak mass eigenstates in eq. (A.20) are
exactly of the form of three massive (and one massless U(1) gauge bosons) that have eaten
the Goldstone bosons θi. We can choose a gauge fixing term as in eq. (A.3) but now for each
pair of {Ai, θi}. Hence, in all loops containing gauge- Higgs interactions we can use a U(1)
model and sum over the three gauge couplings [26]. In addition, in loops with gauge-Higgs or
gauge-Goldstone interactions, we sum over the nGB = 3 three Goldstone bosons. However,
However, in all cases (A-D) the Goldstone fluctuations decouple, and this change will not
affect the inflationary RGEs.
The difference in the Higgs-fermion Yukawa coupling compared to the U(1) case is that
the top quark is now an SU(3) triplet. We have to sum over the dimension of the represen-
tation which picks up a color factor Nc = 3.
The SM Higgs self energy thus becomes:
ΠQφ
(
p2
)
=
1
8pi2
{(
18λ23QφK
−1
φ + 12λ4Qφm
2
h
)
K−1φ +
(
2λ2Qφ2QθK
−1
θ + 2λ2Qφ2Qθm
2
θ
)
nGBK
−1
θ
+
∑
i
(
6g
2QAi2Qφ
m2Ai + 6g
2
2QAiQφ
+
3
4
K−1θ
(
g
QAi∂QφQθi
+ g
QAi∂QθiQφ
)2
p2 − 6K
2Qφ2∂QAi
m4Ai
)
K−1A
− (2y2Qφ(p2 + 6m2ψ)K−1ψ + 8y2Qφm3ψ)NcK−1ψ }− [ (Z∂Qφ − 1) p2Kφ + (Zλ2Qφ − 1) 2λ2Qφ].
(A.21)
The Goldstone self-energy is generalized similarly.
Top quark self energy: Πψf . Consider first the Higgs/Goldstone contribution. The
Yukawa interaction is now of the form
Ly = −y(t¯Lφ∗0tR − b¯Lφ−tR + h.c.) (A.22)
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with φ0 = φ+iθ1 and φ
− = θ2−iθ3. The first term is the same as in the Abelian model which
reproduces the first four terms in eq. (A.17). The second term gives an additional contribution
to ψ¯PRψ, as it can give loops with φ
− and bL in the loop. This gives an additional contribution
of the same form as the first line in eq. (A.17), but for φ, θ → θ1, θ2 and mt → mb – except
from the K−1I -factors, these terms are the same as in the SM regime. The first two terms
on the 2nd line of eq. (A.17), which only arise in the large field regime, originate from the
φ0-coupling and are the same as in the U(1) model.
For the gauge contribution, the last term on the 2nd line in eq. (A.17), to be proportional
to the top mass, the gauge interactions have to be diagonal. We thus include the Z, γ and
the QCD contribution. We replace
g2qLqR →
∑
i=γ,Z
qiLq
i
R + g
2
sC2(Nc) (A.23)
where qiL,R is the coupling of the left/right-handed top quark to A
i (the gauge couplings are
absorbed), and gs is the QCD coupling C2(N) = (N
2−1)/(2N). Except from the K−1A -factor
these terms are the same the usual SM results.
Although the coefficients of the various terms gets modified in the full SM case, the order
in δ of the various terms remains the same. Thus also in the full SM we find for the current
set-up that Zy2ψ = Z2ψR = Z2ψL = O(δ−1).
Gauge boson self energies: ΠA As noted before, in all loops containing gauge-Higgs
interactions we can use a U(1) model and sum over the three gauge couplings. This takes
care of the first three lines in eq. (A.18). To generalize the contribution from the fermion line
we have to add the appropiate group factors. Finally, there are also new diagrams with gauge
loops due to the non-abelian gauge interactions that can contribute to the wave-function
normalization. Using the parameteric arguments in the paragraph below eq. (4.13), it is easy
to see that these contributions are subdominant. Hence, just as for the fermion self-energy
we conclude that for our set-up the SM generalization may change the coefficients and add
new terms to the self-energy, but all terms can be neglected at leading order.
With the couplings given in A.3, the self-energies in the large field limit in the full SM
are for case B:
ΠSMQφ = p
2δ
[−(Z2Qφ − 1) +O(δ−1)]+ φ2
[
−(Zλ2Qφ − 1)λ+
1
8pi2
(∑
i
3g4i
α0
−Ncy4
)]
ΠSMQθ = p
2δ
[−(Z2Qθ − 1) +O(δ−1)]+ 3φ2
[
−(Zλ2Qθ − 1)λ+
1
8pi2
(∑
i
3g4i
α0
−Ncy4
)]
ΠSMψ = /p
[−PL(Z2ψL − 1)− PR(Z2ψR − 1) +O(δ−1)]+ φ [−(Zm2ψ − 1) y√
2
+O(δ−1)
]
ΠA,SMµν = (p
2gµν − pµpν)δα0
[−(Z2QA − 1) +O(δ−1)]+ gµνφ2δ [−(Zm2A − 1)g2 +O(δ−1)] .
(A.24)
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Case A can be obainted by setting g → 0, case C by setting y → 0, and case D by setting
y, g → 0.
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